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[1] The principal characteristics of the variability of Antarctic sea ice cover as previously described
from satellite passive microwave observations are also evident in a systematically calibrated and
analyzed data set for 20.2 years (1979—1998). The total Antarctic sea ice extent (concentration
>15%) increased by 11,180 + 4190 km* yr~' (0.98 +0.37% (decade?il). The increase in the area of
sea ice within the extent boundary is similar (10,860 + 3720 km? yr~ ' and 1.26 + 0.43% (decade) ).
Regionally, the trends in extent are positive in the Weddel Sea (1.4 + 0.9% (decade) "), Pacific
Ocean (2.0 £ 1.4% (decade)™"), and Ross (6.7 + 1.1% (decade) ") sectors, slightly negative in the
Indian Ocean (—1.0 + 1.0% (decade) '), and strongly negative in the Bellingshausen-Amundsen
Seas sector (—9.7 + 1.5% (decade) ). For the entire ice pack, ice increases occur in all seasons,
with the largest increase during fall. On a regional basis the trends differ season to season. During
summer and fall the trends are positive or near zero in all sectors except the Bellingshausen-
Amundsen Seas sector. During winter and spring the trends are negative or near zero in all sectors
except the Ross Sea, which has positive trends in all seasons. Components of interannual
variability with periods of about 3—5 years are regionally large but tend to counterbalance each
other in the total ice pack. The interannual variability of the annual mean sea ice extent is only 1.6%
overall, compared to 6—9% in each of five regional sectors. Analysis of the relation between regional
sea ice extents and spatially averaged surface temperatures over the ice pack gives an overall
sensitivity between winter ice cover and temperature of —0.7% change in sea ice extent per degree
Kelvin. For summer some regional ice extents vary positively with temperature, and others vary
negatively. The observed increase in Antarctic sea ice cover is counter to the observed decreases in
the Arctic. It is also qualitatively consistent with the counterintuitive prediction of a global
atmospheric-ocean model of increasing sea ice around Antarctica with climate warming due to the
stabilizing effects of increased snowfall on the Southern Ocean. INDEX TERMS: 1620 Global
Change: Climate dynamics (3309); 1635 Global Change: Oceans (4203); 1640 Global Change:
Remote sensing; 4207 Oceanography: General: Arctic and Antarctic oceanography; KEYWORDS: sea

ice, Antarctic, climate, passive microwave, Southern Ocean

1. Introduction

[2] In recent decades the Antarctic sea ice cover has varied
significantly from year to year with some anomalies persisting for
periods of 3-5 years [e.g., Zwally et al., 1983a]. However,
decadal-scale sea ice changes have been smaller and more
difficult to ascertain with statistical significance. Furthermore,
while the physical processes (ice-ocean-atmosphere-solar) that
control the annual growth and decay of sea ice are well known,
the manner in which these processes combine on decadal time-
scales and regional spatial scales is complex and not well
determined. In particular, the interaction of the Antarctic sea ice
cover with global climate change is uncertain. In one view the
intuitive expectation that a smaller sea ice cover should be
associated with warmer atmospheric temperatures is supported
by some observations and models. For example, Gordon and
O Farrell [1997] modeled a decreasing Antarctic sea ice cover in
a warmer climate but with a smaller rate of decrease than their
modeled rate of decrease for the Arctic sea ice. Observationally,
Jacka and Budd [1991] and Weatherly et al. [1991] also showed
the expected negative correlation between regional-scale sea ice
changes and Antarctic coastal air temperatures. In another view,
at least one climate model, which included coupled ice-ocean-
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atmosphere interactions [Manabe et al., 1992], gives the counter-
intuitive result that the sea ice cover would actually increase with
global climate warming. The physical processes in the model that
cause the predicted sea ice increase are increased precipitation
with a warmer atmosphere in polar regions, more snowfall on sea
ice, lower salinity in the near-surface ocean layers, more stable
mixed layer and reduced heat flux to the surface, and conse-
quently, more sea ice.

[3] Clearly, if changes in the distribution of Antarctic sea ice
are expected to be indicative of global climate change, a better
understanding of the nature and causes of Antarctic sea ice
variability is required. In particular, we should know whether
Antarctic sea ice is expected to increase or decrease with climate
warming. In this paper we describe the variability of the Antarctic
ice cover in detail, including the variations in regional sectors as
defined by Zwally et al. [1983b] and Gloersen et al. [1992],
using 20 years of well-calibrated data. We believe the character-
istics of the observed sea ice variability of the Antarctic provide
new insights to the interplay of the relevant physical and climatic
processes on seasonal to decadal timescales. In particular, our
analysis of the decadal-scale trends in sea ice by season show that
the trend of increasing Antarctic sea ice cover is dominated by
summer and autumn increases and that changes in the winter are
near zero overall. These results are important because the
dominant climatic processes controlling the distribution of sea
ice around the time of the winter maximum extent are likely to be
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Figure 1. Average sea ice concentration maps averaged over
(top) the first 10 years (1979—1988) and (middle) the second 10
years (1989—-1998) and (bottom) their differences for (a) February,
the month of summer minimum and (b) September, the month of
winter maximum. The five regional sectors are Weddell Sea
(60°W—20°E), Indian Ocean (20°-90°E), Pacific Ocean (90°—
160°E), Ross Sea (160°—140°W), and Bellingshausen-Amundsen
Seas (140°—-60°W). See color version of this figure at back of this
issue.

significantly different than those near the summer minimum.
Examination of potential correlations between temperature (using
new satellite estimates of surface temperature averaged over the
sea ice pack) and sea ice extent shows a wintertime correlation on
a regional basis, which gives an estimate of the sensitivity of sea
ice cover to temperature change.

2. Background

[4] Since the advent of satellite remote sensing, the study of
interannual changes in the Antarctic sea ice cover and their
possible climatic significance have been the subject of numerous
investigations. Initially, the use of relatively short or poorly
calibrated satellite historical records caused some conflicting
results regarding trends in ice extent [e.g., Kukla, 1978; Kukla
and Gavin, 1981; Zwally et al., 1983a]. Even with the sole use
of longer and more consistent passive microwave data, the
trends from analysis of the same set of satellite data have
differed [Johannessen et al., 1995; Bjorgo et al., 1997; Cavalieri
et al., 1997; Stammerjohn and Smith, 1997]. This is partly
because the satellite sensors have finite lifetimes and the time
series is made up of measurements from different sensors, some
of which have different footprints and characteristics than the
others. Furthermore, different investigators use different ice
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algorithms for the retrieval of ice parameters and their own
techniques for removing abnormal values in the land/ocean
boundaries and the open ocean. During periods of overlap the
different sensors also provide slightly different sea ice extents
and actual areas, even with the same techniques. Therefore
further intersensor adjustments are required to match the overlap
results and obtain a uniform time series.

[5] For the period of November 1978 through December 1996,
Cavalieri et al. [1997] found an asymmetry in the trends of
decreasing Arctic sea ice extent (—2.9 + 0.4% (decade)™') and
increasing Antarctic sea ice extent (+1.3 + 0.2% (decade)™").
Cavalieri et al. [1997] also reviewed the results of previous
analyses, which used essentially the same multisatellite passive
microwave data set but with some different methodologies and
conclusions about the apparent trends in the Antarctic sea ice. The
methodologies for sea ice mapping and intersatellite calibration
techniques employed by Cavalieri et al. [1997] to produce a
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Figure 2. Time series of Antarctic sea ice sea extent for total
Southern Ocean from November 1978 through December 1998:
(a) monthly averages showing the seasonal cycle averaged over
the 20 years in inset, (b) monthly deviations from the 20 year
monthly averaged values (e.g., January 1978 minus the 20 year
January mean) and the multivariate linear trend and sinusoidal fit
with an interannual period 3 years superimposed on the deviations
(other figures use 3, 4, or 5 years depending on which period gave
the largest amplitude in the fit to sea ice extent), and (c) yearly
and seasonal averages plus the least squares linear trend line.
Summer values (Su) are averages for January—March, autumn
values (A) are for April-June, winter values (W) are for July—
September, and spring values (Sp) are for October—December.
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Figure 3. Time series of Antarctic sea ice sea extent for Weddell
Sea sector, similar to Figure 2.

consistent multiyear data set are described in detail by Cavalieri et
al. [1999]. Using these intercalibration methodologies, Parkinson et
al. [1999] further described the observed seasonal, regional, and
interannual variability of the Arctic sea ice cover, finding an overall
decreasing trend of —34,300 + 3700 km?” yr~' (—2.8% (decade) ™),
with significant decreases in all seasons (largest in spring and
smallest in autumn).

3. Data and Techniques

[6] The data for this paper are from the scanning multichannel
microwave radiometer (SMMR) on the Nimbus 7 satellite (26
October 1978 to 20 August 1987) and the Special Sensor Micro-
wave/Imager (SSM/I) on several subsequent Defense Meteorolog-
ical Satellite Program satellites. The SSM/I data set is actually from
similar sensors onboard three satellites: the F8 satellite (9 July
1987 through 18 December 1991), the F11 satellite (3 December
1991 through 30 September 1995), and the F13 satellite (3 May
1995 through 1998). The SMMR usually provided data every other
day, and the SSM/Is usually provided daily data for the indicated
periods. Although the data period is described herein as 20 years,
the actual period used in the analysis is the 20 years of 1979—1998
plus the two preceding months of November and December 1978.
The exception is the analysis of the yearly and seasonal averages,
which use only the full years 1979—-1998.

[7] Several algorithms have been developed for retrieving sea
ice concentrations from multichannel passive microwave satellite
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data [e.g., see Steffen et al., 1992]. Long-term sea ice climatologies
from satellite microwave data using the NASA Team algorithm
[Cavalieri et al., 1984, 1991, 1995; Gloersen and Cavalieri, 1986]
and the Bootstrap algorithm [Comiso, 1986, 1995] are currently
archived at the National Snow and Ice Data Center (NSIDC),
University of Colorado, Boulder. A comparison of the performance
of these two algorithms, during an entire annual cycle and for both
hemispheres using SSM/I data in 1992, showed some significant
differences in the calculated concentrations, especially in the
Weddell and Ross Seas of the Southern Ocean [Comiso et al.,
1997]. The comparison also showed that the ice extents over a
seasonal cycle as derived from both algorithms were very similar,
but the Bootstrap algorithm gave some higher ice areas in the
Southern Ocean than did the NASA Team algorithm.

[8] The analysis and results in this paper use the second of two
data sets archived at NSIDC, which is based on a modified Team
algorithm, consistent with recent publications [Parkinson et al.,
1999; Gloersen et al., 1999]. The modified algorithm and other
techniques used to create a unified time series for the second data
set are described by Cavalieri et al. [1999], including elimination
of bad data, interpolation of missing data, correction for instru-
mental drifts of the brightness temperature measurements, and
reduction of false indications of sea ice from weather effects.

[9] Additional procedures applied to the data analysis and
described by Cavalieri et al. [1999] include accounting for land-
to-ocean sensor spillover near coastal boundaries and intercalibra-
tion and algorithm adjustments using periods of data overlap. Of
these the intercalibration and algorithm adjustments, which used
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Figure 4. Time series of sea ice sea extent for Indian Ocean
sector, similar to Figure 2.
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Figure 5. Time series of sea ice sea extent for western Pacific
Ocean sector, similar to Figure 2.

the overlap data to achieve a matching of both the derived sea ice
extents and sea ice areas in the Antarctic to within 0.6%, were
essential to producing a uniform time series with the required
accuracy for climate change studies. This matching adjusted for
effects of small sensor differences in the field of view and wave-
length and could not have been accomplished without the overlap
of successive satellites.

[10] A 6 week gap from 3 December 1987 through 12 January
1988 was filled in by nonlinear interpolation as described by
Gloersen et al. [1999]. Briefly, multiple ordinary least squares
regression (MOLS) is used for this purpose. This procedure
invokes 12 linear components to produce a model fit of the gridded
data at each grid point. These are described by the equation

5
y=ay+at+ Z laxkcos(2mkt/T)+ appynsin(2kt/7)], (1)
=1

where T is the annual cycle period (365.25 days), ¢ is the time, and
y is the model fit to the data. The data gap was filled with values
generated by the MOLS, using coefficients derived from that part
of the F8 SSM/I data set consisting of 60 days before and 60 days
after the gap.

[11] Calculated ice concentrations are mapped to a 25 x 25 km
grid on a polar stereographic projection [NSIDC, 1992] in daily
maps (every other day for most of the SMMR time period). Figure 1
shows average sea ice concentration maps for the times of the
seasonal minimum coverage in February and the maximum cover-
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age in September, respectively, for the first and last 10 years and
their differences. Monthly average maps are created by averaging
daily maps, and multiyear averages are created by averaging the
monthly maps.

[12] Sea ice extent is defined as the cumulative area of all grid
cells having at least 15% sea ice concentration. Sea ice area is
defined as the cumulative area of the ocean actually covered by sea
ice and is calculated by summing the product of the area of grid
cells and their sea ice concentration. The ice-free area within the
ice pack is the area of ice-free ocean within the pack calculated as
the difference: ice extent — ice area. Parkinson et al. [1999]
showed, using Arctic data, that essentially the same trends are
deduced using different cutoffs of 15, 20, and 30% for the
definition of ice extent, which implies that the trends are not
sensitive to the exact definition of ice extent.

[13] Analysis of trends using alternative algorithms requires
careful application of similar techniques for creating a unified time
series. A recent analysis of trends using the Bootstrap algorithm by
one of us (J. C.) produces increases in Antarctic sea ice area similar
to the Team algorithm but produces a small negative trend for ice
extent (even though the Bootstrap and Team algorithms agree
better in their determinations of extent than area). However, the
trends from the two algorithms do agree in both extent and area for
the separate periods of SMMR and SSM/I data, which implies a
different intersensor matching by the Bootstrap algorithm. A
significant difference between the long-term trends in ice extent
and ice area would imply a long-term trend in ice concentration
and the state of convergence/divergence and perhaps thickness of
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Figure 6. Time series of sea ice sea extent for Ross Sea sector,
similar to Figure 2.
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the ice pack. While such changes in ice concentration do occur
seasonally and interannually, a trend in ice concentration over 20
years is likely to be smaller than would be implied by the differ-
ence in extent and area trends indicated by the Bootstrap algorithm.
The close agreement between the long-term trends in extent and
area obtained with the Team algorithm is discussed in section 4. In
the Arctic, long-term trends in both ice extent and area from the
two algorithms are in close agreement. Also, a recent analysis of
Antarctic sea ice trends for 1978—1996 by Watkins and Simmonds
[2000] found significant increases in both Antarctic sea ice extent
and ice area, similar to the results in this paper.

[14] Several methods are used in this paper to calculate linear
trends, all of which attempt to remove the seasonal cycle and
other periodic variations from the trend calculation. One method
is to calculate deviations of parameters from averages of the
parameters and then use ordinary least squares (OLS) fits to the
deviations (or monthly anomalies) shown in Figures 2b—19b.
This method provides the yearly trends over the 20 year period as
given in Tables 4, 6, and 8. A second method applies OLS to
yearly and seasonal averages, as shown in Figures 2c—19¢ and
Tables 5, 7, and 9. The third method, MOLS, takes into account
the 3—5 year periodicity in the monthly deviations. We fit a
multivariate linear and sinusoidal function with a period of 3, 4,
or 5 years to the monthly deviations (Figures 2b—19b). The four
fitted parameters are the amplitude, phase, intercept, and linear
slope (Tables 4, 6, and 8).

[15] Maps of trends are made using two methods. Band-limited
regression (BLR) is applied to each of the grid points in the 20
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year time series of sea ice concentration maps giving the overall
trend maps in Figure 20, extending the previous 18.2 year trend
maps [Gloersen et al., 1999]. The BLR technique has been
described in detail elsewhere [Lindberg, 1986; Lindberg and Park,
1987; Kuo et al., 1990]. Briefly, the technique involves the
application of a narrow bandpass filter comprised of multiple
prolate spheroid windows while determining the trend of the data
series and its standard deviation. The narrow bandpass filter
serves to eliminate oscillations with periods less than about one
quarter of the time interval of the observations, in this case periods
<5 years. The trends and standard deviations are obtained as
described by Draper and Smith [1981] but with the substitution of
the truncated sinc matrix obtained by reconstruction from the first
eight of the singular value decomposition components of the full
sinc matrix [Gloersen and Campbell, 1991] for the traditional
variance matrix. For the seasonal trend maps (Figure 21) we use
MOLS (equation (1)) with 10 oscillatory terms because the BLR
technique does not lend itself to time series with large temporal
gaps. MOLS removes a model seasonal cycle simultaneously with
the determination of the trend line.

4. Characteristics of Antarctic Sea Ice Regions

[16] Unlike the Northern Hemisphere sea ice cover, the sea ice
cover in the Southern Hemisphere surrounds the continent with no
outer land boundaries and peripheral seas. The ice cover is affected
by many environmental factors such as surface air temperature,
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Figure 8. Time series of Antarctic sea ice sea area with C > 15%
for total Southern Ocean from November 1978 through December
1998, similar to Figure 2.
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(a) Monthly Averages
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Figure 9. Time series of sea ice sea with C > 15% for Weddell
Sea sector, similar to Figure 8.

wind, ocean current, tides, and sea surface temperature. The
predominant factor affecting the sea ice is the seasonal cycle of
solar insolation and temperature that drives the freezing and
melting of ice within each sector. A major factor causing inter-
annual variations of the ice extent is shifts in the large-scale
atmospheric circulation and, in particular, the position of the
Antarctic circumpolar trough [e.g., Cavalieri and Parkinson,
1981; Carleton, 1989; Enomoto et al., 1992]. A key feature of
the Southern Ocean is the Antarctic Circumpolar Current (ACC)
[Deacon, 1937]. Driven by prevailing westerly winds north of
about 65°S, the ACC provides the major exchange of water
between the Atlantic and Pacific Oceans. The ACC also plays an
important role in the thermohaline circulation, which influences
climate by redistributing heat, freshwater, and other properties
around the globe. Because of the massive eastward flow of the
ACC, the outer part of the sea ice cover also moves around the
continent transporting some ice between sectors. Also, a coupled
ocean-atmosphere phenomenon, called the Antarctic Circumpolar
Wave (ACW), appears to make a complete cycle around the
continent every 8—9 years [White and Peterson, 1996], affecting
the ice regionally with a periodicity of about 4 years. Within about
5° of the Antarctic coast the flow is mainly westward driven by the
East Wind Drift, and the region of the Antarctic divergence lies
between the eastward and westward flows. The five regional
sectors [Zwally et al., 1983b] dividing the ice pack for our analysis
of sea ice variability and trends are given in Table 1.

[17] The Weddell Sea is regarded as one of the primary sources
of global bottom water [Deacon, 1937; Foster and Middleton,
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1979; Zwally et al., 1985]. The presence of the large ocean shelf
region adjacent to the Antarctic Peninsula and the Ronne and
Filchner Ice Shelves (30°—-80°W) influences formation of Antarc-
tic Bottom Water [Fahrbach et al., 1995; Gordon et al., 1993]. As
ice forms in the coastal polynyas and areas of ice divergence along
the shelf, the rejected brine is mixed with shelf water, which in turn
becomes saline and cold, eventually having the characteristics of
bottom water. A large fraction of the ice cover in the Weddell Sea
is also postulated to originate from ice formed at the coastal
polynyas [Zwally et al., 1985; Lange et al., 1989; Comiso and
Gordon, 1998]. Also, Comiso and Gordon [1998] show coherence
in the interannual variations in the polynya areas with the ACW,
suggesting the influence of the latter not just in the interannual
change in the ice cover but also in bottom water formation.

[18] The Weddell Sea is also the site of a large deep-ocean
polynya observed only in 1974, 1975, and 1976, named the
Weddell Polynya [Zwally and Gloersen, 1977; Carsey, 1980;
Parkinson, 1983; Martinson et al., 1981; Gordon and Comiso,
1988]. The temperature of the water column to 2500 m depth
decreased by about 0.8°C from prepolynya to postpolynya years,
suggesting deep convection in the region during the occurrence of
the polynya [Gordon and Comiso, 1988].

[19] The Indian Ocean sector is the site of many mesoscale
phenomena. Wakatsuchi et al. [1994] reported the existence of
many open ocean low concentration features in the ice pack
associated with the formation of eddies. A persistent feature in
the region adjacent to Cape Ann (52°E) is the Cosmonaut Polynya,
which has been studied by Comiso and Gordon [1996] and
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Figure 11. Time series of sea ice sea with C > 15% for western
Pacific Ocean sector, similar to Figure 8.

postulated to be initiated by cyclones but sustained by current-
current interaction that causes the upwelling of warm water and
melts the ice. The polynya has also been studied by Takizawa et al.
[1994], and they also point out that the polynya is likely a sensible
heat polynya initiated by atmospheric convergence near the region
of the Antarctic Divergence in the ocean.

[20] The western Pacific Ocean sector is the sector with the
average continental boundary that is farthest from the South Pole.
Not surprisingly, it has the least ice cover among the five sectors.
Surface measurements also indicate that the ice cover may be the
thinnest (averaging about 45 cm) among the sectors [Worby et al.,
1998]. This is probably because the ice season is shortest in this
sector, and drifting buoy observations have indicated that the ice
cover is generally divergent and therefore dominated by leads and
thin ice [Allison, 1989]. It has also been reported that polynyas
have been active along the Wilkes Land coast (100°—150°W)
[Cavalieri and Martin, 1985] and are regarded as among the
significant sources (in addition to the Weddell and Ross Seas) of
Antarctic Bottom Water [Rintoul, 1998].

[21] The Ross Sea sector has the second largest ice extent
among the five sectors during winter. This is not surprising since
the region is one of the coldest and the land/ocean boundary in this
sector is on the average closest to the South Pole. However,
persistent synoptic winds off the Ross Ice Shelf (150°W—160°E)
and katabatic surge events cause the formation of a large coastal
polynya during spring and reduced ice concentrations in winter
[Zwally et al., 1985; Bromwich et al., 1998]. The front of the Ross
Ice Shelf is free of sea ice during the summer, and sea ice in
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western part of the Ross Sea is generally advected northward into
warmer water.

[22] The Bellingshausen/Amundsen Seas (B/A) sector is the
only sector other than the Weddell Sea with substantial multiyear
ice. The region has been noted for its thick and impenetrable ice
pack that has caused ships to be beset for several months during
winter. However, the extent of multiyear ice decreased substan-
tially during the summers of 1989—1994, as reported by Jacobs
and Comiso [1997] and Stammerjohn and Smith [1997], the latter
identifying the effect as part of an opposing climate pattern. The
ice extent in the region was found by Jacobs and Comiso [1993] to
be strongly correlated to surface temperature, which has been
shown to be on the rise in the Antarctic Peninsula [e.g., King,
1994; Stammerjohn and Smith, 1997].

5. Variability and Trends in Sea Ice Extent,
Area of Sea Ice, and Open Water
Within the Extent Boundary

[23] The maps of the change in sea ice concentrations between
the first and second halves of the 20 year period shown in Figure 1
illustrate the spatial distribution of the principal changes in the sea
ice cover. In winter, decadal changes in the inner part of the ice
pack are small. In contrast, near the ice edge, significant changes of
more than 10% ice concentration occurred for several hundred
kilometers north-south distance. However, decreases in the Wed-
dell Sea and the western Pacific Ocean sectors are approximately
offset by increases in the Ross Sea, Amundsen Sea, and Indian
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Ocean. In summer, concentration changes are evident throughout
the ice pack, with the largest decreases in the Bellingshausen/
Amundsen Seas sector. In the Weddell Sea, decreases occurred
along the coast of the Antarctic Peninsula with significant increases
to the east due to a more eastward extension of the pack in the later
years. As shown in the following analysis, the overall trend in both
sea ice extent and sea ice area is positive over the 20 years, with the
largest sea ice increases occurring in the fall and summer seasons.

[24] The Antarctic sea ice cover varies substantially during a
seasonal cycle and significantly from one year to another, as
indicated by the time series of monthly ice extents, sea ice areas,
and open water areas within the pack from November 1978
through December 1998 shown in Figures 2a—19a. The 20 year
average of the seasonality of the ice cover, shown in the inset of
Figure 2, shows an ice cover that typically varies in extent from
about 3.9 x 10° km? in summer to 17.1 x 10° km? in winter (see
inset in Figure 2). This is consistent with previously published
values [Zwally et al., 1983b; Gloersen et al., 1992; Cavalieri et al.,
1997]. During the 20 year period the maxima and minima vary
substantially. The highest extent occurs in September of 1998 at
18.7 x 10° km?, and the lowest value occurs in February of 1993 at
246 x 10° km?, based on the monthly averaged values. The
association of periods of above average ice extents in winter with
and below average extents in the preceding or following summer
indicate a modulated distribution, as noted previously [Zwally et
al., 1985; Comiso and Gordon, 1998]. The period of the modu-
lation is about 4 years, consistent with the periodicity of the
passing of the ACW at a given region [White and Peterson, 1996].
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[25] For Figures 2b—19b the seasonal cycle is removed from
the sea ice extent, sea ice area, and open water within the pack
by calculating the monthly deviations from the 20 year averages
(20 years plus 2 months) for each month. For Figures 2c—19¢c
the seasonal cycle is removed in the yearly averages of the
monthly values, and seasonal values are calculated as averages
for four seasons (summer: January, February, and March;
autumn: April, May, and June; winter: July, August, and
September; and spring: October, November, and December).

[26] The variability of the extent of the ice pack on monthly to
decadal timescales is calculated as the standard deviations o), of the
points about the linear fits to the monthly deviations (Table 2).
Similarly, the interannual variability for the yearly averages and the
four seasons is calculated as the standard deviations of the points
about the linear fits to the yearly and seasonal averages. Although
these values include a measurement error, the primary variation is
in the ice cover. In general, the variability decreases with larger
spatial and longer temporal averaging times as expected. For
example, the overall monthly variability is comparable in magni-
tude (3.85 x 10° km?) to the monthly variability in the
individual sectors (1.77-3.37 x 10° km?) but is smaller
(3.4%) as a percentage of the mean extent than the sector values
(8.0—-14.7%). This is due to the spatial averaging over positive
and negative anomalies that tend to offset each other among the
sectors. Also, the variability in the monthly values for the total
Southern Ocean (4.51 x 10° km? in Table 2) is larger than the
interannual variability in the yearly values (1.79 x 10° km? in
Table 3) due to temporal averaging. The variabilities in Table 2
can be interpreted as the deviation from the monthly mean that
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Figure 14. Time series of open water area within Antarctic ice
pack for total Southern Ocean from November 1978 through
December 1998, similar to Figure 2.
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Figure 15. Time series of open water area within ice pack for
Weddell Sea sector, similar to Figure 14.

will be exceeded ~32% of the time. Likewise, the variabilities in
Table 3 can be interpreted as the deviation from the yearly or
seasonal means that will be similarly exceeded.

[27] In Figure 2b the variability o, for the total ice pack appears
to be larger for the first 10 years than it is for the last 10 years (4.51
and 3.10 x 10° km?, respectively). The largest variability decreases
are in the western Pacific and Ross Sea sectors, with small
decreases in the Weddell Sea and Bellingshausen/Amundsen Seas
and an increase in the Indian Ocean sector. Primary causes of ice
variations are shifts in the atmospheric temperature distribution that
affect the ice growth and decay and shifts in the atmospheric
circulation that affect the forcing of the north-south position of the
ice edge. However, during a season, significant areas of ice cover
can move from one sector to another, so the results from each
sector are not strictly associated with ice that grows and decays
locally. Therefore some of the sector-to-sector variability may be
correlated because of ice advection, as well as by atmospheric and
oceanographic connections. If the variations among sectors are not
correlated, then the square root of the sum of the squares (RSS) of
the sector values (Table 2) should equal the variability for the total
Southern Ocean. However, for the first 10 years the RSS is less
than the total variability (4.04 versus 4.51), and in the second
10 years it is greater (3.61 versus 3.10). Therefore, not only did
the variability decrease in most regions, but during the first
period the sector anomalies were less effective in offsetting each
other in the overall spatial average, further reducing the overall
variability between the two periods.

[28] On the basis of yearly means the interannual variability in
ice extent is only 1.6% for the total pack and ranges from 5.7 to
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8.0% by sector. By season the variabilities are on average about 2
times as large as the yearly value, as is statistically expected from
averaging. Seasonally, the variability is generally smallest in the
winter and largest in the summer, particularly as a percentage of the
mean extents. Regionally, the variabilities are smallest in magni-
tude in the Indian and western Pacific sectors, but on a percentage
basis there is little sector-to-sector difference in the variabilities.
[29] Analysis of long trends in the sea ice cover not only
requires removal of the average seasonal cycle but should also
account for periodic interannual variability that can affect the
calculated linear trend. For Figures 2b—19b the seasonal cycle is
removed by calculating the monthly deviations from the 20 year
average for each month. The OLS fits to these deviations are the
yearly trends listed in Tables 4, 6, and 8. A less effective method of
removing the seasonal cycle applies OLS fits to yearly averages of
the sea ice parameters, giving the yearly trends in Tables 5, 7, and 9.
This method also gives the trends by season listed in Tables 5, 7,
and 9. Since the yearly averages do not include November and
December 1978, the OLS trends for ice extent excluding these two
months are also listed in parenthesis in Table 4 for comparison. The
third method (MOLYS) takes into account the 3—5 year periodicity in
the monthly deviations, as well as the seasonal cycle, by fitting a
multivariate linear and sinusoidal function with a period of 3, 4, or 5
years. The respective slopes and amplitudes for ice extent, ice area,
and open water are given in Tables 4, 6, and 8 for the period (3, 4, or
5 years) that had the largest amplitude of the sinusoidal fit to ice
extent. The corresponding linear and interannual cycles are plotted
over the monthly deviations in Figures 2b—19b. In cases where, for
example, 3 and 4 year fits have nearly the same amplitudes, a
somewhat better fit might be obtained for a fractional year cycle.
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Figure 16. Time series of open water area within ice pack for
Indian Ocean sector, similar to Figure 14.
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Figure 17. Time series of open water area within ice pack for
Western Pacific Ocean sector, similar to Figure 14.

If the frequency of the interannual variability changes during the
20 years (nonstationary cycle), a variable period might be more
appropriate. Our selection of the best fit for integer year perio-
dicity in the range of 3—5 years is intended to quantify a primary
periodic component of the interannual variability in a simple
representation.

[30] The phases, given in Table 4 as the time of the first peak,
are all for the 4 year period, with the parentheses indicating values
for sectors that have the largest amplitude for a period other than
the one selected by ice extent amplitude. Some progression in
phase is indicated from the Weddell Sea, to the Indian Ocean, and
to the western Pacific but not consistently around the continent. In
Tables 6 and 8, where the amplitude of the ice area or open water
was somewhat larger for a period other than the one for ice extent,
that period is indicated in parentheses.

[31] The derived 20 year trend in sea ice extent from the
monthly deviations is 11.18 + 4.19 x 10> km* yr~' or 0.98 +
0.37% (decade) ™" for the entire Antarctic sea ice cover, which is
significantly positive. The trend in the integrated area of sea ice
within the extent boundary is similar: 10.86 + 3.72 x 10° km? yr™!
or 1.26 + 0.43% (decade)”'. The multivariate MOLS values are
selected as the preferred values because of the reduced sensitivity
of the fits to periodic interannual variations. Nevertheless, the
linear trends for three methods agree well, and conclusions about
the long-term trends are not affected by the choice of methods. The
differences between the MOLS and the OLS of the monthly
deviations using the 20 year calculation are 0.10c overall and
0.560, 0.770, 0.580, 0.290, and 0.35¢ in the respective sectors.
The 20 year values are in slightly better agreement in most cases
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than the 20.17 year values because the deviations for the 2 months
of 1978 are positive and the MOLS periodic function is also
positive at that time. The differences between the MOLS and the
OLS of the yearly averages are 0.050 overall and 0.540, 0.770,
0.600, 0.250, and 0.360 in the respective sectors.

[32] A measure of the fraction of the monthly to interannual
variability represented by the interannual sinusoidal cycle is
defined as the ratio of the RMS of the sine wave (i.e., p-p
amplitude x 0.707/2) to the residual variability about the linear
trend in the monthly deviations (i.e., the o, in Table 2). In the
Indian Ocean and the Bellingshausen/Amundsen Seas sectors, the
respective fractions of the variability in the sine wave of 41 and
38% are largest, and the fitted interannual cycle appears to follow
the variation of the monthly deviations better than in the other
sectors (<28%) and the total (20%) (see Table 4). If compared to
the variability in the yearly averages (Table 3), the fractions are
1.4-2.2 times larger. The fractions of the variability of the sine
wave in sea ice area are similar to those for ice extent, and the
fractions for open water are somewhat smaller.

[33] Differences between the rates of change in ice area and ice
extent (in terms of percent of mean/decade) imply that the average
concentration within the extent boundary is changing and the ice
pack is becoming more or less compact. In contrast, trends in open
water alone are not indicators of changes in average concentration.
For example, if the ice extent and the ice area change by the same
percentage rates, then the average ice concentration would remain
unchanged, but the amount of open water would change at the
same rate as the extent and area. The slightly larger rate of increase
in ice area (1.26 + 0.43% (decade) ') compared to ice extent (0.98
+ 0.37% (decade)™") for the Southern Ocean (MOLS trends from
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Figure 18. Time series of open water area within ice pack for
Ross Sea sector, similar to Figure 14.
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Figure 19. Time series of open water area within ice pack for
Bellingshausen/Amundsen Seas sector, similar to Figure 14.

Tables 4 and 6) implies that the average concentration is increasing
by 0.28% of concentration/decade (i.e., (1.0126/1.0098 — 1) x
100). The implied change in concentration is 0.21% (decade)™
(0.28% of 76% mean concentration). If the extent were constant,
the increase in concentration would imply a decrease in open water
of —2.40 x 10° km* yr~' (—00.86% (decade)™"). However, this
decrease would be slightly exceeded by the increase in open water
due to the increase in extent of the pack (0.98 +0.37% (decade)™).
The net increase in open water is only 0.12% (decade) ' (Table
10), in agreement with the essentially zero trend derived from the
open water data (0.12 + 0.66% (decade) ™" for MOLS and —0.17 +
0.67% (decade) ™' for OLS 20.17 yrs; Table 9). As shown in Table
10, the two contributions to open water change do not counter-
balance in the regional sectors. In the Weddell Sea, in particular,
the contributions add (1.83 + 1.39) to give a statistically significant
trend in open water of 3.27 + 1.61% (decade)™"). The largest
change in concentration is the 2.12% (decade) ' increase in the
western Pacific Ocean.

[34] The time series of open water in Figures 14—19 illustrate
characteristics of the interannual variability and seasonality of the
variability that are interesting and likely to be real sea ice
variations. Figures 14—19 are also useful for assessing the reality
of these variations in relation to possible instrumental effects,
errors, or variations in sea ice properties such as flooded snow
cover. Examples of these variations are (1) the small seasonal
amplitude in the Ross Sea in 1986 and an increasing trend in open
water through about 1988 followed by a decrease, (2) the con-
stancy of the seasonal amplitude for the total ice pack, in contrast
to the large variability in seasonal amplitude in Weddell, Ross, and
B/A sectors, and (3) the consistent decreasing trend in the B/A
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sector. These are characteristics that are unlikely to be algorithm or
instrument dependent. Furthermore, the data presented in these
Figures 14—19 should be useful to further investigations; for
example, can the variation in amplitude in the Ross Sea in 1986
be explained by variations in wind-induced divergence?

[35] If the sea ice pack is becoming more compact in some
regions, a probable cause would be reduction in the forcing of the
ice divergence by the wind fields. As noted in the above discussion
of variability, the western Pacific Ocean and the Ross Sea sectors
also had a decrease in variability from the first half of the analysis
period to the second, which would be consistent with an increase in
concentration and lesser divergent forcing of the ice pack. The
potential climatic significance of such a trend in ice concentration
and open water justifies further studies, such as determining
whether there is a corresponding change in the wind fields.

[36] Interannually, the variations in ice extent, ice area, and
open water are almost exactly in phase in each of the five sectors,
as shown by the 3—4 year sinusoidal functions in the multivariate
fits. For the total ice pack the cyclical variation in open water is out
of phase with the ice extent and the ice area by about 1 year, which
is probably not significant since the sector-by sector variations in
the three parameters are very much in phase.

[37] Trends for each of the four seasons are obtained from OLS
fits to 3 month averages for summer (January, February, and
March), autumn (April, May, and June), winter (July, August,
and September), and spring (October, November, and December).
The overall trends in sea ice extent and sea ice area are also

Decadal BLR trend
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Figure 20. Spatial distribution of yearly trends from application
of BLR to each grid element of maps of sea ice concentration
record on 2 day intervals for 20 years: (a) the 20 year mean sea ice
concentration, (b) the decadal trend in concentration, (c) the
standard deviation of the decadal trend, and (d) differences
between the 20 year and 19781987 trends. See color version of
this figure at back of this issue.
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Figure 21. Spatial distribution of seasonal trends from applica-
tion of OLS to each grid element of maps of sea ice concentration
record on 2 day intervals for 20 years after subtracting the model
seasonal cycle (with coefficients determined by MOLS): (a) the 20
year mean sea ice concentration by season and (b) the decadal
trend in concentration by season. See color version of this figure at
back of this issue.

positive in all seasons (Figures 2¢ and 8c and Tables 5 and 7), the
most positive being in the autumn season (24.7 = 17.5 x 10 km?
yr~'and 2.5 £ 1.8% (decade) ' in ice extent). However, the trends
in other seasons differ from zero by <1 standard deviation.

6. Spatial Distribution of Yearly
and Seasonal Trends

[38] The spatial distribution of yearly trends is obtained by
applying the BLR technique (section 3) to the 20 year time series
of sea ice concentrations for each of the grid points. The mean sea
ice concentration calculated as the midpoint of the 20 year trend is
shown in Figure 20a. The spatial distribution of the linear trend is
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shown in Figure 20b, the standard deviation is shown in Figure 20c,
and the difference between the 20 year trend and the previously
described trends [Gloersen and Mernicky, 1998] for the 8.8 year
SMMR time period is shown in Figure 20d.

[39] Spatial integration of the trends in concentration in Figure
20b gives average sector by sector and overall values similar to
those for the trends in ice area in Table 7. However, the spatial
distribution is not uniform in each sector. The Weddell Sea, Indian
Ocean, and western Pacific Ocean sectors have a predominance of
decreases in the outer parts of the ice pack and increases in the
inner parts. Most of the Ross Sea sector has increasing trends, and
most of the Bellingshausen/Amundsen Seas sector has decreases.

[40] The range of decadal trends from —40 to +32% for the
SMMR data [Gloersen and Mernicky, 1998] is reduced to —15 to
+11% for the 20 year data (Figure 20b). The differences between
the 18.2 and 8.8 year decadal trends are shown in Figure 20d. A
reversal of trends from the SMMR data to the 20 year data set is
widespread, being the rule rather than the exception (Figure 20d).
While this difference map facilitates the location of changes in the
trend in the present 20 year period compared to the earlier 8.8 year
one, identification of actual trend reversals is more complicated.
Positive values of trend differences can indicate either a change
from negative in the earlier period to positive in the 20 year period,
an increase in positive trend for the longer period, or a decrease in
negative trend for the longer period. Of course, all of these
situations represent trend increases in the 20 year period. Negative
values of the trend differences indicate the opposite.

[41] A notable example of a trend increase is in the vicinity of
the former Weddell Polynya [Zwally et al., 1985]. As suggested
earlier [Parkinson, 1994, 1998], some regions reveal trend rever-
sals when the 20 (Figure 21b) and 8.8 year [Gloersen and
Mernicky, 1998] trends are compared directly (Figure 20d). The
strongest trend reversal is in the western Pacific near the Ross Sea.
During the SMMR years the ice concentration in the eastern
portion of the Ross Sea was increasing at a maximum rate of
28-32% (decade) ™', while in the western portion it was decreas-
ing at a maximum rate of 40%. In contrast, during the 20 year
period the eastern portion decreased at a maximum rate of about
5% (decade) " while the western portion increased at a maximum
rate of about 11% (Figure 21b). Comparing the shorter (SMMR)
and longer (20 year) records of the Weddell Sea reveals more
complicated behavior. This region contains both monotonic rate
decreases, for example, in the vicinity of the 1974 Weddell
Polynya, and trend reversals, for example, the Larsen Ice Shelf
on the Eastern Antarctic Peninsula, where the trend was —(8—
12)% changing to about +2%. North of the Filchner Ice Shelf
(40°W), there was an increase in the positive decadal trend of about
10%. These relatively large local trends average out to a small, but
statistically significant, overall increase in the ice concentrations,
as indicated by the trend in ice area.

[42] The spatial distribution of the seasonal trends are obtained
by applying OLS to each grid element on 2 day intervals by season
after removing a modeled seasonal cycle obtained by applying
MOLS (equation (1)) to the entire data sequence and then using the
10 oscillatory terms as the model. The resulting seasonal means are
shown in Figure 21a, and the decadal trends are shown in Figure
21b. The means differ in some details from the seasonal averages
of the SMMR 8.8 year averages by month of the first portion of the
present data series shown by Gloersen et al. [1992]. For example,

Table 1. Regional Sectors of the Southern Ocean

Sector

Longitude Range

Weddell Sea

Indian Ocean

Western Pacific Ocean

Ross Sea
Bellingshausen/Amundsen Seas

60°W to 20°E
20°E to 90°E
90° to 160°E
160°E to 130°W
130° to 60°W
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Table 2. Monthly to Interannual Variability (o,) in Sea Ice Extent From Monthly Deviations

Sector First 10 Years Second 10 Years Over 20 Years
Percent Percent Percent
10° km? of mean 10° km? of mean 10° km? of mean
Southern Ocean 4.51 4.0 3.10 2.7 3.85 34
Weddell Sea 3.46 8.2 3.32 7.9 3.37 8.0
Indian Ocean 1.58 8.6 1.95 10.6 1.77 9.6
W. Pacific Ocean 1.66 14.0 1.39 11.8 1.53 12.9
Ross Sea 3.26 11.9 2.27 8.3 2.80 10.2
Bellingshausen/Amundsen Seas 2.22 15.3 2.06 14.2 2.13 14.7
RSS of sectors 4.04 3.61 3.82

Table 3. Interannual Variability o, in Sea Ice Extent From Yearly and Seasonal Averages

Sector Yearly Summer (JEM) Fall (AMJ) Winter (JAS) Spring (OND)

Percent Percent Percent Percent Percent

10° km? of mean 10°km> ofmean 10°km> ofmean 10’ km> of mean 10’ km> of mean
Southern Ocean 1.79 1.6 3.25 8.3 4.51 4.6 2.13 1.2 3.54 24
Weddell Sea 2.38 5.7 2.46 16.7 2.66 7.5 3.77 6.0 3.54 6.5
Indian Ocean 1.16 6.3 0.67 22.6 1.66 12.9 1.57 5.1 2.06 7.8
W. Pacific Ocean 0.95 8.0 0.98 21.2 0.93 8.5 1.65 9.3 1.58 11.5
Ross Sea 1.95 7.1 2.46 24.8 3.04 11.3 2.43 6.3 2.38 7.1
Bellingshausen/Amundsen Seas 1.36 9.4 1.12 16.0 1.77 13.9 2.35 11.3 2.26 13.2

the summer (January—March) composite in Figure 21a shows the
outer part of the western Ross Sea connected by a band of sea ice
with about 12—16% concentration, whereas the averages of the
first 8.8 years show that part of the Ross Sea to be entirely open.
Figure 21b shows a significant increasing trend in this area.

[43] Of'the seasonal trends show in Figure 21b the most negative
and positive trends occur in the summer (January—March), with the
most positive ones in the eastern Weddell and western Ross Seas
and the most negative ones in the Bellingshausen/Amundsen Seas,
consistent with the trends in Tables 5 and 7. This pattern persists
into the autumn (April—June) over larger areas but with smaller
trends. The Ross Sea is the only sector showing an overall

significant increase in all seasons. The Bellingshausen/Amundsen
Seas is the only sector showing a decrease in all seasons, although
the winter time (July —September) decrease is not significant.

[44] In summer both the east and west sides of the Antarctic
Peninsula are experiencing a reduction in ice cover, Whereas
much of East Antarctica has a significant increase in ice cover
near the coast in summer and in the other three seasons as well.
In summer the ice pack is shifted eastward in the Weddell Sea
and westward in the Ross Sea compared to winter. In winter
much of the middle part of the cover in the Weddell Sea has a
significant decrease, while the inner and outer parts have an
increase. In spring (October—December) the mixed patterns of

Table 4. The 20.2 Year Trends in Sea Ice Extent (Area With C > 15%) 1979—1998 From Monthly Deviations

Yearly Trend (OLS) 20.17 Mean
Sector Year (20 years) Extent, Multivariate Yearly Trend and 3—5 Year Cycle
10% km? yr ! Percent per 10° km?  10° km®* yr ' Percent per  Period, Peak-to-Peak Percent of Phase
Decade Decade Years ~ Amplitude,  Variability (First Peak for 4
10° km® (See Text)  Year Period)
Southern Ocean  10.16 + 4.24 0.89 + 0.37 11.402 11.18 + 4.19 0.98 +£0.37 3 2.16 +0.49 20 (July 1982)
(10.76 £3.85)  (0.94 £ 0.38)
Weddell Sea 3.76 +3.71 0.89 +0.88 4.204 5.86 +3.62 1.39 +0.86 4 2.69 +0.42 28 April 1980
(3.84 £3.37)  (0.91 £0.90)
Indian Ocean —-0.08£1.95 —0.04 £ 1.06 1.844  —192+181 —1.04+0.98 4 2.07 £0.21 41 Sept. 1981
(—0.53 £ 1.98) (—0.28 +1.07)
Pacific Ocean 2.88 + 1.69 244 £ 143 1.180 2.30 + 1.68 1.95+1.42 5 0.99 +£0.19 23 (Nov. 1982)
(3.28 £1.70)  (2.78 = 1.44)
Ross Sea 17.70 £ 3.07 6.49 £ 1.13 2.727 18.36 + 3.00 6.73 £1.10 3 1.91 £ 0.35 24 (Feb. 1982)
(17.49 £3.12)  (6.41 £ 1.15)
Bellingshausen/ —14.10 +£2.37  —9.74 + 1.63 1.448 —14.09 £2.22 —-9.73+1.53 4 2.30 £0.26 38 Dec. 1982
Amundsen Seas (—13.32 +2.39) (—9.20 + 1.65)

Table 5. The 20 Year Trends in Sea Ice Extent (Area With C > 15%) 1979—1998 From Yearly and Seasonal Averages

Sector Yearly Summer (JEM) Autumn (AMJ) Winter (JAS) Spring (OND)
10% km? Percent per 10® km®>  Percent per 10° km®>  Percent per 10> km?  Percent per ~ 10° km®>  Percent per
yr! Decade yr! Decade yr! Decade yr! Decade yr! Decade

Southern Ocean 10.95 £ 6.95  0.96 + 0.61 67+126 1.7+£32 247+175 25+18 54+83 03+£05 68+137 05+09
Weddell Sea 39+£920 092+219 10.7+95 73+£65 11.7+103 33+29 —1.0+14.6 -02+23 —-59+13.7 —1.1 +£25
Indian Ocean  —0.52 +£4.51 —0.28 £2.45 1.5£26 49+86 41+64 32+£50—-65+61 —-21+20 —-12+80 —04+3.0
Pacific Ocean 330+3.68 3.13+£3.14 63+38 13.7+82 82+£36 75+33 19+64 11+£3.6 -31+61 -23+44
Ross Sea 17.60 £ 7.56 645 +2.77 11.6+9.5 11.7+9.6 138+11.8 51+44 138+94 36+24 31.0+92 92+27
Bellingshausen/ —13.29 + 526 —9.18 £3.63 —23.4+43 —-335+62 —13.1+68 —104+54 —28+9.1 —13+44 —140+88 —81+5.1

Amundsen Seas
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Table 6. The 20.2 Year Trends in Area of Sea Ice Within the Extent Boundary (C > 15%) 1979-1998 From Monthly Deviations

Yearly Trend (OLS) 20.17 Mean
Sector Years Mean Area, C, % Multivariate Yearly Trend and 3—5 Year Cycle

10° km? yr~'  Percent per 10° km? 10% km? yr! Percent per Period, Peak-to-Peak  Percent of

Decade Decade Years Amplitude,  Variability

10° km? (See Text)
Southern Ocean ~ 9.68 + 3.83 1.12 £ 0.44 8.620 76 10.86 + 3.72 1.26 + 0.43 3 2.56 £ 0.43 26
Weddell Sea 1.53 £3.16  0.46 +0.94 3.352 80 3.08£3.13  0.92+0.93 4(3) 1.86 +0.36 23
Indian Ocean —1.00+1.66 —0.74+1.23 1.347 73 —-2.63+152 —195+1.13 4 1.85+0.18 44
Pacific Ocean 444 £1.29 5.54 £ 1.61 0.802 68 4.12 +1.30 5.13 £ 1.62 5() 0.67 £ 0.15 20
Ross Sea 1445 +£256 691 +122 2.092 77 15.03 £2.50  7.18 £ 1.20 3 1.52 £0.29 23
Bellingshausen/ —9.75 +1.82 —9.45+1.77 1.027 71 —10.03 £ 1.71 —=9.76 £1.67 4 1.73 £0.20 37

Amundsen Seas

Table 7. The 20 Year Trends in Area of Sea Ice Within the Extent Boundary (C > 15%) 1979—1998 From Yearly and Seasonal Averages

Sector Yearly Summer (JFM) Fall (AMJ) Winter (JAS) Spring (OND)
10% km? yr ' Percent per 10°> km® yr ' Percent per 10° km® yr ' Percent per 10° km? yr~!' Percent per 10° km® yr~' Percent per
Decade Decade Decade Decade Decade

Southern Ocean 104 £ 6.4 1.2 +0.7 6.2+92 24+£3.6 29.7+16.2 39+£21 43+£75 03+0.5 1.4+£127 0.1+1.2
Weddell Sea l6+74 1.0+£22 84 +85 79+79 11.4+£9.0 39+3.1 —47+11.7 —09+22 —-85+11.1 -2.1+27
Indian Ocean —13+39-94+29 0.7+19 43+11.0 41+55 45460 —51+58 —-21+24 —48+6.7 -26+3.6
Pacific Ocean 47+27 59+33 62+28 21.8+97 85+29 11.5+40 33+£53 2.6 +42 1.0 £4.1 1.1 +£4.6
Ross Sea 144+6.1 69+29 81+62 139+10.6 13.5+10.3 64+49 109 +82 35+£26 250+76 98+3.0
Bellingshausen/  —9.0 +4.1 —88 +4.0 —172+37 —383+81 —-78+52 —89+59 —00+71 —-0.0+46 —113+£62 —-9.1+50

Amundsen Seas

increasing and decreasing trends are mostly spatially smaller than
in the other seasons.

7. Relations Between Changes in Sea Ice
and Surface Temperature

[45] Previous analyses of the relationship between Antarctic sea
ice variations and seasonal air temperatures [e.g., Weatherly et al.,
1991; Jacobs and Comiso, 1993; King, 1994], using temperatures
from stations on the continent, showed that sea ice deviations are
negatively correlated with temperatures (i.e., below normal sea ice
coverage is associated with above normal temperatures). The ice
extent versus temperature correlations were higher and more
consistent on a regional basis than for the entire Antarctic.

Generally, the correlations were strongest in winter and weakest in
summer.

[46] In this study we use a measurement of the surface temper-
ature over the sea ice—covered region to reexamine the sea ice—
temperature relationship. Surface temperatures were derived from
thermal infrared satellite data for the months of January and July,
as described by Comiso [2000]. The satellite infrared data provide
a measure of the skin depth temperature during cloud-free con-
ditions. Surface temperature is retrieved separately for open ocean
and ice-covered regions because of different emissivities of the two
surfaces and the difficulty of masking clouds in the latter. A special
cloud-masking technique had to be developed over ice and snow,
as described by Comiso [2000], to reduce the problem of cloud
contamination. The temperatures derived from infrared data have
been shown to agree with surface air measurements from mete-

Table 8. The 20.2 Year Trends in Open Water Area Within the Extent Boundary (C > 15%) 1979—1998 From Monthly Deviations

Mean
Yearly Trend (OLS) 20.17 Open
Sector Years Water, Multivariate Yearly Trend and 3 to 5 Year Cycle
10% km? Percent per 10° km? 10% km? Percent per  Period, Peak-to-Peak  Percent of
yr! Decade yr! Decade Years Amplitude, Variability
10° km? (See Text)
Southern Ocean —0.48 £1.83 —0.17 £ 0.67 2.781 0.32 + 1.83 0.12 £ 0.66 34 0.52 £0.21 11
Weddell Sea 2.23 £1.39 2.62 £ 1.63 0.851 2.78 £ 1.37 3.27 £ 1.61 4 (3) 0.87 £0.16 24
Indian Ocean 0.92 + 0.66 1.85+1.32 0.497 0.71 £ 0.66 143 +133 4(5 0.22 £ 0.08 13
Pacific Ocean —1.56 £0.57 —4.13 £ 1.51 0.377 —1.82+0.57 —4.82+1.51 5 0.33 £ 0.07 22
Ross Sea 3.25+£0.97 5.11 £1.53 0.635 3.32 £ 0.96 524 +1.52 3 0.44 +0.11 18
Bellingshausen/Amundsen Seas  —4.35+0.82 —10.35 + 1.96 0.420 —4.06+£0.79 —9.67+1.89 4 0.67 = 0.09 32

Table 9. The 20 Year Trends Open Water Area Within the Extent Boundary (C > 15%) 1979—-1998 From Yearly and Seasonal Averages

Sector Yearly Summer (JFM) Autumn (AMJ) Winter (JAS) Spring (OND)
10°km>  Percent per  10°> km>  Percent per 10> km®>  Percent per  10°> km®>  Percent per 10°km>  Percent per
yr! Decade yr! Decade yr! Decade yr! Decade yr! Decade

Southern Ocean 0.5 + 2.7 02+1.0 05=+6.1 03+45 —51+£26 —-22=+1.1 1.0+34 03+1.0 54+57 14+15
Weddell Sea 22 +3.1 26+37 23+36 5789 04+£25 0.6+38 3.7+38 35+£36 26+62 2.0+£438
Indian Ocean 0.7 +0.7 1.5+15 07+1.0 58+80 0.0+1.1 00+30 —14+16 —-21+£23 36+138 45+23
Pacific Ocean —14+12 -38+31 01+12 08+6.7 —03+£09 —-1.0+£27 —-14+15 -27+30 —-41+£25 -—-87+52
Ross Sea 32420 50+32 35+40 86+98 03+23 05+41 29+22 39+30 6.0+27 73+33
Bellingshausen/ —42+1.6 —10.1+38 —62+1.7 —-248+68 —-53+21 —-137+54 —-28+26 —-49+45 -27+33 -57+7.1

Amundsen Seas
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Table 10. Implied Trends in Concentration, Corresponding Trend in Open Water, and Trend in Total Open Water Within the Ice Pack

MOLS Extent
Trend,

MOLS Area
Trend,

Sector

Implied Concentration
Change, % (decade) !

Open Water Change
from Concentration

Total Open
Water Change,

MOLS Open
Water Change,

% (decade) ' % (decade) Change, % (decade) ' % (decade)
% (decade)”!
Southern Ocean 0.98 1.26 0.21 —0.86 0.12 0.12
Weddell Sea 1.39 0.92 —0.37 1.83 322 3.27
Indian Ocean —1.04 —1.95 —0.67 2.49 1.45 1.43
Pacific Ocean 1.95 5.13 2.12 —6.64 —4.69 —4.82
Ross Sea 6.73 7.18 0.32 —1.39 5.34 5.24
Bellingshausen/Amundsen Seas —9.73 —9.67 —0.02 0.08 —9.65 —9.67

Table 11. Relations Between Regional Sea Ice Extents and Mean Surface Temperature in Sea Ice Pack for Winter (July 1978 to July

1998)
Regional Sector Mean Extent Extent/Temperature Extent/Temperature 20 Year Winter Implied Temperature
in Winter Sensitivity, 10° Sensitivity % K! Sea Ice Trend, Trend, K (decade)’1
(10° x km?) km? yr ' K! % (decade) '
Weddell 6.31 —0.030 + 0.077 —048 £ 1.2 —-02+23 0.4
Indian 3.11 —0.038 £ 0.024 —1.22+0.8 —2.1+2.0 1.7
Western Pacific 1.78 —0.006 + 0.026 —034+1.5 1.1 £3.6 -33
Ross 3.84 —0.031 £ 0.028 —0.81 £0.7 36+24 —4.5
Bellingshausen/Amundsen 2.09 —0.021 £ 0.022 —1.00 = 1.1 —13+44 1.3
Total 17.14 —0.126 £ 0.092 —0.74 £ 0.5 03+0.5 —0.4

(sum of sectors)

orological stations around the Antarctic continent to within 3 K.
This estimate includes the effect of atmospheric inversion, which
can be significant in winter but was minimized as discussed by
Comiso [2000]. For each of the sectors the average ice extent is
plotted versus the average surface temperature over the ice pack
where concentration is >85%, separately for January and July in
Figures 22a and 22b along with linear regression fits. An ice
concentration threshold of 85% for calculating average surface
temperature is used in order to get a better representation of surface
ice temperature and hence an approximation to the near-surface air
temperature. Residual biases among average ice-ocean surface
temperature, ice surface temperature, and near-surface air temper-
ature should have minimal effects on the analysis of correlations
between temperature and ice extent.

[47] During winter the slopes of extent versus temperature are
all negative (Table 11), indicating less ice with increased temper-
ature. Since sea ice and temperature variations among sectors are
generally not in phase, a correlation for total ice cannot be obtained
directly. However, summation of the correlations for the individual
sectors gives an estimated sensitivity for the total ice pack of
—0.126 £0.092 x 10° km® K" or —0.74 £ 0.5%K ' for an overall
temperature change. Combining the derived sensitivities of the ice
pack to temperature with the observed winter trends from Table 4
gives the implied winter temperature trend (—0.4 K (decade)™")
that would be consistent with the total sea ice change in winter
(+0.3% (decade) ). In summer the relationships are less consistent

(Table 11), with two sectors (Weddell and western Pacific) show-
ing a positive correlation of increasing ice with warmer temper-
atures. The less consistent summer correlation may be partly due to
the tendency for melting ice to pin the surface temperature between
0° and —1.8°C, but the data in Figure 22 show January average
temperatures over the residual ice pack ranging interannually
between about —3° and —8°C. This could be partially due to a
bias in the observed temperatures or may be an indication that the
average temperature in the residual ice pack in January is below
melting. The Bellingshausen/Amundsen Sea sector does have a
significant negative relation (—13.0 £ 3.9% K™'), which is con-
sistent with the findings of Jacobs and Comiso [1993]. In the latter
study the annual average ice extents in the Bellingshausen Sea area
were found to correlate very well with annual average surface air
temperatures at Rothera station (67.6°S, 68.1°W) in the Antarctic
Peninsula with a correlation coefficient of —0.77. Also, Comiso
[2000] found anomalously warm surface ice temperatures in July in
the Bellingshausen Sea (e.g., 1981, 1988 and 1989) corresponded to
considerable retreat in the sea ice cover.

[48] Forthe21 Antarctic stations with temperature records longer
than 45 years, Comiso [2000] found out that the average trend for the
45 year period (up to 1998) is 0.012 + 0.014 K yr— . Four stations,
including the South Pole, have slightly negative trends, while the rest
have slightly positive trends. A general warming in the Antarctic is
confirmed by other studies [e.g., Raper et al., 1984; Jacka and Budd,
1991]. However, when data from the last 20 years only are analyzed

Table 12. Relations Between Regional Sea Ice Extents and Mean Surface Temperature in Sea Ice Pack for Summer (July 1978 to July

1998)
Regional Sector Mean Extent Extent/Temperature Extent/Temperature 20 Year Summer Implied Temperature

in Summer, Sensitivity, Sensitivity, Sea Ice Trend, Trend,
10° x km? 10° km? yr ' K! % K1 % (decade) ! K (decade) '

Weddell 1.47 0.039 + 0.042 2.65+29 73+6.5 2.8

Indian 0.30 —0.010 £ 0.014 —3.33+£47 49 £8.6 —1.5

W. Pacific 0.46 0.014 £ 0.023 3.04+50 13.7 £ 8.2 4.5

Ross 0.99 0.016 + 0.050 1.62 £5.0 11.7+£9.6 7.2

Bellinghausen/Amundsen 0.70 —0.091 £ 0.027 —13.00 £ 3.9 —335+£6.2 2.6

Total 3.93 —0.032 £ 0.076 —0.81 £ 1.9 1.7+£32 —2.1

(sum of sectors)
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Figure 22. Relations between regionally averaged sea ice extents
and regionally averaged surface temperatures over the ice pack as
derived from satellite infrared for (a) summer month of January
showing generally consistent relations from sector to sector and (b)
winter month of July showing negative relations between sea ice
extents and temperature. See color version of this figure at back of
this issue.

for direct comparison with satellite data sets, the mean trend was
found to be a slight cooling at —0.008 + 0.016, with 12 stations
having negative trends and 9 stations having positive trends. Such
general cooling during the last 20 years is also suggested by satellite
infrared data [Comiso, 2000]. Qualitatively, these results are con-
sistent with trend values shown in Tables 10 and 11.

8. Effects of the Antarctic Circumpolar Wave

[49] In the sea ice extent curves for the five Antarctic sectors
(Figures 3—7) one can visualize the effects of a wave occasion-
ally influencing a given region on the basis of a low-frequency
wavelike envelope superimposed on the seasonal oscillations.
One possibility for wavelike phenomena is the ACW, charac-
terized by a pattern of wave number 2 and circumpolar migra-
tion time of 8 years [White and Peterson, 1996]. Their initial
ACW observation has been confirmed more recently with differ-
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ent techniques [Gloersen and Huang, 1999; Gloersen and White,
2001]). Gloersen and Huang [1999] utilized a combination of
complex singular-value decomposition (CSVD) and empirical
mode decomposition (EMD) [Huang et al., 1998] to isolate
the ACW as residing principally in the quasiquadrennial (QQ)
mode separated by the EMD. The Hoffmueller diagram [Huang
et al, 1998, Figure 6a] clearly depicts several cycles of the
ACW. Here we utilize the data array, which was the basis of
Huang et al’s [1998] Figure 6, with ice extents in 1° sectors
around the South Pole to produce sums of the QQ oscillations in
each of five sectors (Table 1) as well as the entire pack. These
sums are shown in Figure 23 for comparisons with ice extent
variations in Figures 2—7. Although five sectors is not optimum
for displaying the characteristics of a wave number 2 pattern,
the ACW can be discerned. For example, comparing the results
in the Hoffmueller diagram [Gloersen and Huang, 1999] for a
persistent ACW trough that begins at 0°E in 1986, in Figure 23
the averaged trough is shown in the Weddell sector also in
1986, in the Indian sector in 1987, in the western Pacific sector
in mid-1988, in the Ross sector in mid-1991, and finally, in the
B/A sector in 1993.

[50] Although the QQ oscillations associated with the ACW are
prominent, the magnitude of their amplitudes (50.08 x 10® km?
peak to peak) is only ~21/25 compared to the maximum interannual
deviations in extent (<2 x 10° km?® in Figures 3b—7b). The
amplitudes of the QQ oscillations are also only ~1/3 compared
to the 3—5 cycles of interannual variability (amplitudes <0.26 X
10° km?), as deduced from the multivariate analysis and shown in
Table 4 and the fitted cycles in Figures 3b—7b. Therefore the
interannual variability associated with the ACW appears to be only
part of the total quasi-periodic interannual variability and small
compared to the total interannual variability.

9. Discussion and Conclusions

[s1] A primary result of this analysis of the 20 years of
measurements of sea ice concentration on the Southern Ocean is
the +11,181 £ 4190 km* yr~" (+0.98 + 0.37% (decade) ") increase
in sea ice extent and a very similar +10,860 + 3720 km? yr~'
(+1.26 + 0.43% (decade)™") increase in sea ice area. Regionally,
the trends in extent are positive in the Weddell Sea (1.4 + 0.9%
(decade)™"), Pacific Ocean (2.0 + 1.4% (decade)™"), and Ross Sea
(6.7 £ 1.1% (decade)™") sectors, slightly negative in the Indian
Ocean (—1.0 £ 1.0% (decade)™ "), and negative in the Belling-
shausen/Amundsen Seas sector (—=9.7 £ 1.5% (decade)™"). An
overall increase in Antarctic sea ice cover, during a period when
global climate appears to have been warming by 0.2 K (decade) !
[Hansen et al., 1999], stands in marked contrast to the observed
decrease in the Arctic sea ice extent of —34,300 £ 3700 km?* yr™'
(—2.8 £ 0.3% (decade) ") and sea ice area of —29,500 + 3800 km?
yr ' (=2.8 £ 0.4% (decade) ! ) in sea ice area [Parkinson et al.,
1999]. The observed decrease in the Arctic has been partially
attributed to greenhouse warming through climate model simula-
tions with increased CO, and aerosols [Vinnikov et al., 1999]. As
discussed in section 1, an increasing Antarctic sea ice cover is
consistent with at least one climate model that includes coupled
ice-ocean-atmosphere interactions and a doubling of CO, content
over 80 years [Manabe et al., 1992].

[52] Another main aspect of the results is the seasonality of the
changes, being largest in autumn in both magnitude (+24,700 +
17,500 km? yr ') and percentage (+2.5 £ 1.8% (decade) ') and
second largest in summer (+6700 + 12,600 km? yr~' and +1.7 +
3.2% (decade) ') in terms of percentage change. The changes for
the winter season (+7400 + 8500 km? yr~' and +0.4 = 0.5%
(decade)™") and for spring (+10,100 + 14,000 km? yr~ ' and +0.7 +
1.0% (decade)™") are small as a fractional change. On a regional
basis the trends differ season to season. During summer and fall the
trends are positive or near zero in all sectors except the Belling-
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Figure 23. QQ modes of the sea ice concentration oscillations by
regional sector. These QQ modes are obtained by summing over the
regional sectors the results of the EMD of sea ice concentrations in
1° longitudinal sectors around the pole by Gloersen and Huang
[1999]. See color version of this figure at back of this issue.

shausen/Amundsen Seas sector. During winter and spring the
trends are negative or near zero in all sectors except the Ross
Sea, which has positive trends in all seasons.

[53] In the context of climate change the sensitivity of the sea
ice to changes in temperature is of particular interest. Analysis of
the relation between regional sea ice extents and spatially averaged
surface temperatures over the ice pack gives an overall sensitivity
between winter ice cover and temperature of —0.70% change in sea
ice extent per degree Kelvin (—0.11 + 0.09 x 10° km* K™'). A
change in the winter ice extent of 0.70% corresponds to a
latitudinal change in the average position of ice edge of <10 km
or a meridional change of <0.1°, which is small compared to some
previous estimates [e.g., Parkinson and Bindschadler, 1984]. For
summer some regional ice extents vary positively with temper-
ature, and others vary negatively.

[54] The validity of the derived decadal-scale trends depends on
two key aspects of this 20 year data set. One is the long-term
relative accuracy of the data from multiple satellites with somewhat
different sensors and the data processing methodology as described
by Cavalieri et al. [1999]. The changes in sea ice cover as small
as 1% (decade) ! may have climatic significance. This required
relative accuracy and long-term data consistency could not have
been achieved without the 4—6 week periods of overlap from
successive satellites, which enabled the algorithm adjustments to
make the derived sea ice extents and areas match. Even though the
instrumental differences between satellites are small, it has not
been possible to understand the differences well enough to provide
a satisfactory intercalibration any other way.
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[55] The second key aspect is the complete spatial coverage on
daily timescales that allowed the spatial and temporal variability to
be quantified adequately in relation to the trends. The character-
ization of the interannual variability in particular has allowed a
calculation of trends that is largely independent of the effects of the
periodic components of the variability. In addition, the analysis of
data over 2 decades provides some indication of the interdecadal
variability of the sea ice cover and provides a basis for future
analysis of continuing observations for interdecadal changes.
Determination of such interdecadal changes will be particularly
important as sea ice changes might accelerate with an increase in
climate warming.

[s6] The interannual variability of the annual mean sea ice extent
is only 1.6% overall, compared to 6—9% in each of five regional
sectors. The total variability in the monthly deviations in sea ice
extent is 3.4% overall and from 8 to 15% in the individual sectors.
From the first 10 years to the second 10 years there appears to be a
decrease in the variability from 4.0 to 2.7%. Also, there appears to
be a decline in the effectiveness in which the anomalies from sector
to sector offset each other in the overall spatial average. Analysis of
the relative trends in ice extent and ice area imply increases in ice
concentration in the western Pacific and Ross Sea sectors, which
could be associated with decreases in variability in those regions.

[57] Although there are significant components of interannual
variability with periods of 3—5 years, these represent only about
20-40% of the total variability in the monthly deviations of the
mean. Inclusion of a periodic component in the MOLS gives trends
that are considered to be better values than the OLS trends.
Nevertheless, the inclusion of about five cycles in the 20 year data
set and the smallness of the periodic amplitudes minimize the
effect on the calculated linear trends by the OLS method. Therefore
the MOLS and the OLS trends do not differ by more than 0.1c
overall and more than 1o in the individual sectors.

[58] An interesting aspect of the interannual variability of the
seasonal changes is the tendency for periods of greater sea ice
extents near the winter maxima to be associated with periods of
lesser sea ice extents near the summer minima and vice versa. In
addition, this phenomenon has a period of 3—5 years and tends to
vary in phase from sector to sector. The phase of the 3—5 year
periodic components of the interannual variability progresses from
sector to sector from the Weddell Sea along East Antarctica but not
consistently through to the Ross Sea sector and Bellingshausen/
Amundsen Seas sector. The same effect is shown in Figure 23.
While there is an association of the variations with the ACW on a
sector-to-sector basis, the association is not as clear as in the more
detailed analysis of extents in 1° longitudinal sectors by Gloersen
and Huang [1999].
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Figure 1. Average sea ice concentration maps averaged over
(top) the first 10 years (1979—-1988) and (middle) the second 10
years (1989—1998) and (bottom) their differences for (a) February,
the month of summer minimum and (b) September, the month of
winter maximum. The five regional sectors are Weddell Sea
(60°W-20°E), Indian Ocean (20°-90°E), Pacific Ocean (90°—
160°E), Ross Sea (160°—140°W), and Bellingshausen-Amundsen
Seas (140°—60°W).
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Figure 20. Spatial distribution of yearly trends from application
of BLR to each grid element of maps of sea ice concentration
record on 2 day intervals for 20 years: (a) the 20 year mean sea ice
concentration, (b) the decadal trend in concentration, (c) the
standard deviation of the decadal trend, and (d) differences
between the 20 year and 1978—1987 trends.
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Figure 21. Spatial distribution of seasonal trends from applica- w
tion of OLS to each grid element of maps of sea ice concentration §
record on 2 day intervals for 20 years after subtracting the model
seasonal cycle (with coefficients determined by MOLS): (a) the 20
year mean sea ice concentration by season and (b) the decadal :
trend in concentration by season. TE. v v
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Figure 22. Relations between regionally averaged sea ice extents
and regionally averaged surface temperatures over the ice pack as
derived from satellite infrared for (a) summer month of January
showing generally consistent relations from sector to sector and (b)
winter month of July showing negative relations between sea ice
extents and temperature.
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